INTRODUCTION
Shearography, introduced in 1973 by both Hung & Taylor [1] and Leendertz & Butters [2] , was developed from speckle pattern interferometry. Both methods are fullfield optical techniques which generate interference patterns by combining a reference beam with the reflected light from a diffusive surface. However, a significant difference exists between the manner in which these two methods form their resulting interferograms. Shearography is a common path intereferometer; the reference beam is derived from the same beam as that used to probe the object. This distinction has a number of advantages including tolerance to rigid body motions, reduced laser coherence requirements, compact design, convenient sensitivity adjustment, and direct measurement of differential displacement. The advent of modern video cameras has allowed designers to build upon these intrinsic advantages producing a portable low-cost sensor. In this configuration, (electronic) shearography has gained acceptance as a nondestructive inspection technique [3] [4] [5] , which is commonly used on aerospace structures and materials [6] [7] [8] [9] [10] .
To use electronic shearography for defect detection a three step process is employed. The first step is to record a speckle pattern generated by superimposing two mutually coherent beams of light; reflected from two different points on the target. Next the target is perturbed. This can be achieved using a variety of loading conditions either static or dynamic, such as vacuum and point loading or thermal and vibration excitation. In this new deformed state another interferometric speckle pattern is collected and combined, usually through subtraction, with the previously recorded image. By augmenting this process with laser modulation and optical phase stepping we have demonstrated that digital shearography can be used to provide rapid wide-area imaging of ultrasonic surface displacements. Although full-field visualization of ultrasonic displacements has been demonstrated by others on specularly reflecting surfaces, their techniques were based on holographic interferometry [11, 12] and heterodyned holographic interferometry [13, 14] , not the common-path interferometric approach adopted in shearography. The implicit advantages of the common-path interferometer presage the potential of a field deployable method for wide-area visualization of ultrasonic displacements.
EXPERIMENTAL METHOD
Shearography achieves its common path interferometric nature by using an image shearing camera. The principle is to split a single incident light path into two paths just before the light is recorded. In this manner one point on the object maps to two points on the image, or reciprocally, one point on the image is formed from light coming from two points on the object. If the incident light is coherent, an interference pattern will result. There are numerous way of fabricating a shearing camera. One of the simplest methods is to place a glass wedge in front of one half of the camera's aperture. In the present work, we required a shearography system where a known phase step could be introduced between the two sheared beams. To achieve this we used a birefringent wedge positioned in front of a polarizer so that both optical elements covered the entire lens aperture, Figure 1 . For a wedge of small angle, e, the incident light is split into two polarized components with an included shear angle, \jf, between the two beams given by
By mounting the wedge on a translation stage, the phase angle, E, between the two beams can be adjusted in proportion to the translated distance of the wedge, t:.x, according to (2) Power Amp Figure 1 . Experimental setup where 6n is the difference in index of refraction between the ordinary and extraordinary and A is the optical wavelength [15] . Alternatively, diffractive optics, such as a Ronchigrating, can be used along with a translation device to perform both beam-splitting and phase-shifting operations.
The importance of being able to introduce a known phase step can be understood by considering the nature of the interference pattern. The intensity pattern resulting from the interference of the reference and object speckle patterns is given by
where l' is the intensity bias, I" is the intensity modulation and ~ is a spatially random phase term. By introducing a known phase shift between the two patterns the random phase term can be determined. For example, introducing a 90 degree phase shift between four consecutive images, 11' 1 2 , 13, and 14, allows us to isolate ~ as (4) The procedure of phase shifting is also used when the object is the 'perturbed' state. Thus the difference between the undisturbed and the perturbed states yields an optical path length difference between these two conditions throughout the imaged region. To a good approximation we will assume that the laser source and the camera occupy a plane which is perpendicular to the sample surface. We will also state that the width or height of the imaged area is much smaller than the distance from that plane. Under these assumptions the optical path length difference (relative phase difference) is directly proportional to the out-of-plane differential displacement between two points on the object surface separated by the optical shearing distance.
In addition to the elimination of the random phase variable, the data collection and analysis procedure for the phase-stepping approach results in significant improvements in precision. Resolution limits ofwavelengthJlOO are considered routine and values of wavelength/lOOO have been reported [16, 17] . In contrast, traditional interferograms are analyzed by interpolating between fringes, where a fringe develops for each path length difference of one half of an optical wavelength. It should be noted that ultrasonic displacements are usually much smaller than an optical wavelength, so that with conventional interferometry, fringes would not be formed when trying to record this type of disturbance.
To image ultrasonic displacements two sets of four phase-shifted images were collected. However in this case both the 'undisturbed' images and the 'perturbed' sample images were capture while the sample was being driven with an ultrasonic source. Both Plexiglas wedges and comb shoes were used in conjunction with piezoelectric transducers to generate ultrasonic guided waves of known wavelength. In order to increase the amount of exposure time a quasi-static condition was established by strobing the laser at the ultrasonic driving frequency. This strobing illuminated the object for approximately a Y.t period of each vibration cycle thereby freezing the dynamic motion of the ultrasonic wave. As shown in Figure 2 , the laser synchronization of the undisturbed state and the perturbed state differed by 180 degrees. For synchronized periodic motion with a shear offset, 8q, the out-of-plane differential displacement, 8~(x,y), measured at the sample surface is given by [17] b'(=4AsinC(~&j)cO{k'X+ k~&j +¢acs) (5) where k is the wave vector, A is the elastic wave amplitude, and (Pacs is an arbitrary phase angle associated with the given sinusoidal elastic wave disturbance. Notice that the differential displacement is proportional to the disturbance displacement and is maximized when the shear distance is exactly equal to an integer number of the ultrasonic half wavelengths. Thus to image ultrasonic displacements we enforced this condition.
RESULTS
Using the outlined procedure, images were collected from a I" square aluminum bar. Four results from the aluminum bar are shown in Figure 3 . The varying light and dark regions are associated with changes in the optical path length (optical phase change) over the surface the of bar due to the existence of an elastic wave. As we have described, these are related to the differential out-of-plane displacements, which can further be used to define an absolute out-of-plane displacement for the ultrasonic disturbance. Starting at the top and working down the figure, the four images show the relative phase maps for the aluminum bar while supporting elastic waves at frequencies of200, 300, 400 and 500 kHz respectively. We calculated the surface displacements according to Eqn. (5) using an independently measured shear distance and wavelengths calculated from the image data.
The results are shown in Table 1 and indicate that the technique has sensitivity better than 0.6nm. According to Eqn. (5) it is clear that the shearogram images can be used to evaluate the wavelength of the traveling ultrasonic wave. For each of the previously discussed shearograms, the ultrasonic wavelength was estimated from the spatial frequency spectra obtained via the Fourier transform. An ensemble averaging technique was employed by breaking each shearogram into a set of strips whose long axis was parallel to the elastic wave direction of travel. A scale factor accounted for the optical magnification ofthe system converting the spatial frequency estimate from units of l/pixels to lImeters.
The phase speeds of the imaged waves were found by multiplying the dominant spatial period with the known driving signal frequency. Since the bar is a dispersive structure, the phase velocity values calculated from the image data are plotted in Figure 4 as a function of/a, where a is the width of the square bar's side, and/is frequency. The full width half maximum points of the spatial frequency estimates were used to define the extent of the phase speed error bars. Also shown in Figure 4 are six theoretical dispersion curves. Since an exact solution to the problem of elastic wave propagation is only possible for bars of circular cross section [18] , phase velocity values calculated from the (square) bar shearograms are compared with dispersion curves for circular rods of equivalent cross sectional area e.g. the radius of the rod is 0.565 times the length of the square bar side. Pochharnmer-Chree equations were used to obtain the first two longitundinal rod wave dispersion curves (L I , L 2 ), plotted as a function of l.77fr where r is the rod radius. For Figure 3 . Two-dimensional plot of optical path length difference generated by ultrasonic waves traveling on a 1" by 1" by 18" aluminum bar. The data is scaled to 256 levels of gray.
comparision, Rayleigh-Lamb equations were used to obtain the SO, AQ, and AI mode dispersion curves using a as the plate thickness. Notice that both fundamental Lamb wave modes and the first order longitudinal rod waves asympotically approach the Rayleigh wave velocity at large ka values. In contrast, the higher order rod mode approaches the shear wave velocity at large ka values. From Figure 4 it can be seen that three phase velocity estimates from the bar data are in good agreement with the first order longitundinal rod mode as it asympotically approachs the Rayleigh wave velocity. One data point also falls near the theoretical dispersion curve for the second order longitudinal rod mode, obtained from an infinitely long circular rod of equivalent cross sectional area. In 1948 Morse [19] observed experimentally that the first longitudinal mode of a square bar gives a dispersion curve indistinguishable from that of a circular bar, if the cross sectional area are equal. However, this relationship has not been studied or verified for the higher-order longitudinal modes. In addition, it should be cautioned that up to six modes can exist on a square bar [18] . Thus a conclusive statement about the type of mode would require a more detailed study of the particle motion, in addition to phase velocity analysis. Figure 5 . Comparision between the displacement patterns generated by an 'unflawed' and 'flawed' alwninwn 1/8" plate. Figure 5 shows the comparision between a 230 KHz Ao mode traveling on a 118" aluminwn 'unflawed' plate (left) with the displacement field generated by a similar wave traveling on a 'flawed' (right) aluminwn plate. The flawed panel was synthetically generated by gluing another piece of 118" alwninwn plate onto the back of the original panel. The extent of the glued section is shown with a white line which was edited onto the image after data collection. Note that the 'flawed' sample image shows incident, reflected, and transmitted displacement fields superimposed on the same image.
CONCLUSIONS
A rapid full-field ultrasonic displacement imaging system has been demonstrated based on a common-path interferometer design. The imaging system, which combines electronic shearography with synchronized laser modulation and optical phase stepping, is capable of displacement resolution better than 0.6 nm. Results were given that demonstrated how the system could be used to determine dispersion curves or to detect flaws.
